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ABSTRACT 
An Improved In vitro Cell-Shearing Device  
for Applying High Shear Stress impulse on Cells 
 
Jingya Miao 
 
 
 
 
Fluid shear stress on single layer cells has been used in many studies that aimed to 
understand the mechanisms of mechanical cell injury. One of the in vitro models to 
generate shear stress is the cone-and-plate flow chamber, containing a rotating conical 
surface and a stationary flat surface.  The existing controlled cell shearing device (CCSD) 
is able to perform controlled shear stress and to allow real-time cell monitoring. However, 
it requires complicated calibrating procedures and lacks set-up accuracy for operation. 
The goal of the thesis is to design an improved cell-shearing device that is more 
user-friendly and accurate. The design is based on analyses of fluid mechanics to estimate 
the formed shear stress on cells, with precise structures and dimensions of the device. The 
new designed device contains a simple cone-and-plate system assemble and a 
programmable microstepper motor. Compared with the CCSD, the new device can be 
calibrated with simpler procedures and tools; has a more accurate alignment between the 
cone and the plate; and uses a securer adhesive approach to hold the cell cultured 
coverslips on the plate. As a final step, we will test the new device with cells and to find 
the optimum setting ranges for various purposes of studies on fluid shear stress induced 
mechanical cell injury.  
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CHAPTER 1. BACKGROUND 
1.1 Applications of Fluid Shear Stress 
Cells live continuously under mechanical forces in physiological environment, 
and they function normally in response to a certain range of mechanical forces. However, 
cells can be injured if the exerted force exceeds their tolerance, leading to various 
severity and types of damage to the cells. For example, the endothelial cell layer of 
vasculature constantly lives with fluid shear stress created by blood flow. Endothelial 
cells function as the sensor to influence vessel caliber, structure, remodeling and to 
regulate the release of nitric oxide depending on the strength of shear stress (Kuchan and 
Frangos, 1994; Chiu and Chien, 2011). However, disturbed low blood flow is known to 
play a role in atherosclerosis formation (Peiffer, Sherwin and Weinberg, 2013), and high 
blood flow can cause vessel outward remodeling and plaque destabilization (Dolan, 
Kolega, and Meng, 2012). Another example from neural system is the causation of 
traumatic brain injury (TBI), which is usually caused from high-speed motor vehicle 
crashes (MVCs), and automobile-pedestrian crashes) (Sommers and Fannin, 2015). In 
normal conditions, there is very small to no shear stresses on neural cells. But, due to 
TBI, inertial forces that applied on the head generates shear stress impulses on neurons, 
which can lead to diffused axonal injury (DAI). DAI is the manifestation of 
microstructural cellular trauma, and occurs when nerve axons are stretched, sheared, or 
even torn apart. The severity and outcome of a DAI depends on the degree of damage, 
causing 15% to 50% mortality rate (Sommers and Fannin, 2015). And the focal axonal 
swellings, also known as axonal beading, are the morphological hallmarks of DAI 
pathology (Kilinc, Gallo and Barbee, 2008). 
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Fluid shear stress, as a type of mechanical forces, has been applied to cells to 
study cellular responses to mechanical forces. It is commonly used to mimic the 
physiological environment around the cells of interest or to cause mechanical cell injuries 
to study the mechanism once cells are damaged. A most popularly studied type of cells is 
endothelial cells, which function as the sensor to influence vessel structures and ensuing 
cascade responses. The normal shear stress ranges from 10 to 30 dyne/cm2 (Chiu and 
Chien, 2011), and endothelial cells were shown to align along the flow direction after low 
shear stress for long-term (usually more than 24 hours) of steady state flow exposure 
(Wang, Lu and Schwartz, 2012). Also, temporal and spatial flow was optimized in 
pulsatile stimulus situation for imitating blood flow (Ruel et al., 1995). High shear stress 
larger than 30 dyne/cm2, usually along with high shear stress spatial gradient, can cause 
endothelial cell injuries followed with outward vessel remodeling and plaque 
destabilization (Dolan, Kolega, and Meng, 2012).  
For some studies, steady flow with various flow rate or shear stress was applied to 
previously unstiulated cells. However, many cellular responses were transient signaling 
events following the onset of flow (Davies, 1995; Resnick and Gimbrone, 1995; Kilinc, 
Gallo and Barbee, 2007). Therefore, to study mechanical cell injuries, it is critical to be 
able to control the onset of fluid shear stress (Blackman, Barbee and Thibault, 2000). 
Because DAI usually initiates from acute mechanoporation, follows with various 
neurochemical reactions, and is accompanied by distinct morphological changes (axonal 
beads) that evolve with time (McIntosh et al., 1996; Barbee, 2005). High shear stress 
impulse (45 dyne/cm2 with 20ms onset time) has been applied to neurons to study cellular 
mechanisms of DAI (Kilinc, Gallo and Barbee, 2008). And it has demonstrated the idea 
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of the formation of pores on cellular membrane by post-injury Poloxamer 188 (P188) 
treatment, which was able to reduce the axonal beading to control level (Kilinc, Gallo and 
Barbee, 2007). 
Generally, previous studies have offered an idea of the start of cellular injuries 
that transient membrane disruptions, or pores, are formed under high shear stresses. And 
due to the membrane fluidity, the membrane is capable of resealing. Depending on the 
severity of damages, cells can undergo either full recovery or delayed apoptosis (Barbee, 
2005). Therefore, to apply fluid shear stress for mechanical cell injury studies, it is 
important to have the ability to control both the shear stress onset time, i.e. the increasing 
rate of shear stress, and the strength of peak shear stresses, to ensure the cells to be 
injured to certain degrees of interest for different study purposes. In current studies, two 
main in vitro models have been used to create fluid shear stress on single layer cells: 
parallel-plate flow chamber and cone-and-plate flow chamber, that will be introduced in 
the following sections.  
1.2 Parallel-Plate Flow Chamber 
The Parallel-plate flow chamber (Figure 1) contains a think rectangular flow 
channel with a uniform height that is usually built up by a gasket between two parallel 
plates. Fluid flow is driven by the pressure differential between the inlet and outlet 
manifolds of the channel, which can be created by either gravity heads or active pumps 
(Frangos et al., 1985; Brown, 2000; Brewer and Bianco 2008). When using active pumps, 
syringe pumps are usually used for short-term shear stress, and peristaltic pumps are for 
long-term uses (Reinhart-King, Fujiwara and Berk, 2008) When the Reynolds number is 
smaller than 2000 (Brewer and Bianco, 2008), the parallel-plate flow chamber creates 
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uniform laminar flow. And the shear stress generated at the surface of the channel under 
steady laminar flow can be estimated by Equation 1: 𝜏 = !!"!!! (1) 
where Q is the flow rate, 𝜇 is the fluid viscosity, w is the width of the channel, and h is 
the height of the channel (Brewer and Bianco, 2008; Reinhart-King, Fujiwara and Berk, 
2008). By changing the geometry of the flow chamber and the flow rate, the created shear 
stress can be changed, and various modified versions of parallel-plate flow chamber have 
been developed (Brewer and Bianco, 2008; Levesque and Nerem, 1985; Frangos et al., 
1985). For example, a rectangular obstacle was added to a convectional parallel-plate 
flow chamber, in order to observe endothelial monolayer culture responses to turbulent 
flow and shear stress gradients (Tardy et al., 1997; Chiu and Chien, 2011). Therefore, 
parallel-plate flow chamber has been the most commonly used model for fluid shear 
stress studies due to its many practical attractions, including a wide range of shear 
stresses, the uniform shear stress stimulus, simplicity of the equipment, ease of access to 
the culture (both physically and for real-time visualization) (Reinhart-King, Fujiwara and 
Berk, 2008).  
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Figure 1. Schematic diagram of parallel-plate flow chamber.  
Source: Graphs from Chiu and Chien, 2011. 
 
 
 
However, parallel-plate flow chamber has difficulty to create high shear stress 
impulse due to the inertia of fluid. Although, Newtonian fluid can be treated as 
incompressible liquid, and therefore forces applied on the fluid are transmitted 
immediately and completely. In reality, fluid exposed to a sudden pressure or force could 
experience very small compression, and also due to the fluid inertia, the compliance of 
the device does not absolutely follow its theoretical expectations, especially under high-
pressure impulses. Therefore, current in vitro parallel-plate flow models lack the ability 
to control and quantify the flow onset behavior accurately, and this model is commonly 
used to generate low shear stress for long period of time. 
1.3 Cone-and-Plate Flow Chamber 
The cone-and-plate system consists of a cone with a small angle and can rotate 
about its center axis, which is orientated perpendicular to the surface of a flat plate 
underneath (Figure 2). The cone-and-plate flow chamber works almost identical to a 
cone-and-plate viscometer (Reinhart-King, Fujiwara and Berk, 2008). Since both the 
local velocity and the vertical space (height) between the cone and the plate surfaces are 
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linear to the radial position, the rotation of the cone can also create uniform laminar flow 
throughout the plate surface. When the cone-and-plate system has ideal configurations, 
i.e. small cone angle and negligible gap between the cone and the plate surfaces, the 
viscous forces dominates and the created shear stress can be estimated by Equation 2: 𝜏 = 𝜇 !!   (2) 
where µ is the fluid viscosity, ω is the angular velocity of the rotational cone, and α is the 
cone angle (Brown, 2000; Sdougos, Bussolari and Dewey, 1984). In the cone-and-plate 
system, the spinning of the cone drags the fluid to flow in the circular direction, and the 
flow responds immediately to the cone rotation. Therefore this model is able to generate 
shear stress impulse by controlling the rotation of the cone. The cone-and-plate flow 
chamber offers some advantages, including the requirement of very small amount of cell 
culture medium, the ability to precisely control the flow behaviors (especially the onset 
and ending), and the ability to produce very shear stress impulses (Reinhart-King, 
Fujiwara and Berk, 2008). Therefore, the cone-and-plate flow chamber is usually used to 
generate shear stress with accurate onset time, and high shear stress impulses (Blackman, 
Barbee and Thibault, 2000). 
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Figure 2. Schematic diagram of cone-and-plate flow chamber. 
Source: Graphs from Chiu and Chien, 2011. 
 
 
 
1.4 The Controlled Cell Shearing Device (CCSD) 
Based on the principles of cone-and-plate flow chamber, the Controlled Cell 
Shearing Device (CCSD), schematic graph shown in Figure 3, was designed and 
fabricated to impose controllable, quantifiable, and reproducible mechanical stimulation 
on cells in vitro (Blackman, Barbee and Thibault, 2000). The CCSD contained a conical 
surface rotating relative to a stationary flat plate, creating a relatively uniform level of 
shear stress throughout the fluid medium between these surfaces. The well was pressed fit 
into the main base unit, which could be mounted to the stage of a Nikon Diaphot Eclipse 
TE300 microscope (Optical Apparatus, Inc., West Chester, PA). A 25mm round coverslip 
could be mounted to a circular vacuum recess configuration milled out of the plate 
surface. The surface was to hold the coverslip stationary and to flush the plate with cell 
culture medium. The circular window for holding the coverslip allowed the cells to be 
continuously monitored via a microscopy image acquisition system. The cone was 
attached to a hollow cylinder, and its rotation was driven by a timing belt-pulley 
connection to the motor.  The entire cone assembly was mounted to dual micrometer-
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driven translation stages oriented in z-axis, to adjust the cone height. The use of 
micrometer-driven translation system allow the cone to be gently lowered into the fluid to 
minimize any disturbance or impacts to the cells and enable precise control of the gap 
distance. An essential feature of the CCSD was the 0.5degree cone angle, which 
guaranteed small Reynolds number all over the plate surface and permits a uniform shear 
stress distribution throughout the flow field for a wider range of speeds.  
 
 
 
 
Figure 3. Schematic diagram of the controlled cell shearing device (CCSD).  
Source: Diagram from Blackman, Barbee and Thibault, 2000. 
 
 
 
 
However, the CCSD also contains some problems. The structure of the design has 
uneven weight balance. The heavy motor on one side of the whole device constantly 
exerts a pulling force on the cone-cylinder structure, which could deviate the alignment 
between the cone and the plate. Also, the heavy motor hanging on side of the microscope 
	 9	
stage could gradually tilt the level position of stage. The gear belt used to connect the 
cone-cylinder structure and the motor can cause delay in cone rotation, depending on the 
characteristics of the belt material and the speed of the motor. When lowering the cone 
into fluid in the well, the gap height, the distance between the cone apex and the plate 
surface, is unknown. Moreover, if the cone is kept lowering after it touches the plate 
surface, the upper part of the device would be lifted away from the base unit 
accompanying with the tilted position of the upper part. The vacuum configuration used 
to hold the coverslip in place leaks easily, especially during an experiment. Lastly, the 
whole structure of the design requires complicated calibration procedures, involving 
ensuring the tension or tightness of the belt, the relative positions among the cone, the 
motor and the upper components, the center alignment between the cone and well, etc.  
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CHAPTER 2. DESIGN 
2.1 Design Objectives 
Based on the descriptions of the features and problems of the CCSD, an improved 
design is necessary for generating more accurate fluid shear stresses on single-layer cells. 
As a result, the design objective of the thesis is to improve the existing cell shearing 
device (the CCSD), so that the new designed device should contain (a). The features 
possessed by the CCSD including the real-time monitoring (using 25mm diameter glass 
coverslip for cell culture) and a controllable motor; (b). Ease of use, which requires easier 
procedures for calibration and operation, and uses a simpler and safer method to hold the 
coverslip onto the plate; and (c). Accuracy of the system, in order to estimate the 
resulting shear stresses exerted on the cells more accurately.  
2.2 Design Criteria 
According to previous studies that applied fluid shear stress impulses on cells, the 
range of shear stresses used was from as low as 30 dyne/cm2 on endothelial cells 
(Blackman, Barbee and Thibault, 2000) to as high as 45 dyne/cm2 on neurons (Kilinc, 
Gallo and Barbee, 2008). Considering that such values of shear stresses were chosen for 
specific types of cells, different types of cells would require different values of shear 
stresses with various onset times. Some types of cells may need higher shear stress 
impulses to show cellular mechanical injuries. Therefore, the new designed device should 
be able to reach up to 100 dyne/cm2 with 20ms onset time, in order to have the ability to 
apply a wide range of shear stresses on different types of cells for mechanical cell injury 
studies. In addition, the shear stresses that exerted on the 25mm diameter coverslip 
should have an acceptable uniformity, so that cell sample on a single coverslip can be 
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seen as undergoing the same shear stress, and treated as the same. Another, as mentioned 
earlier, the device should be more user-friendly. The CCSD requires complicated 
calibration procedures and its motor programming uses special software saved on an old-
styled computer. Hence, there are three criteria for the new design: 
Criteria 1: The estimated shear stress generated by the device needs to reach up to 
100 dyne/cm2 with 20ms onset time. 
Criteria 2: The uniformity of the shear stress, i.e. the range of the shear stress 
exerted on the coverslip falls within 10% differences from the average shear stress. 
Criteria 3: Ease of use on simpler operation and calibration procedures and motor 
programming. 
2.3 Design Constraints 
There are three constraints to be considered for the cell-shearing device, for the 
purpose of using the device with the microscope, performing experiments on cells, and 
causing minimize wear with frequent use in the lab. First, the space above and beneath 
the stage of the microscope (Nikon Eclipse TE300) limits the overall size of the design 
and the size of the motor. The space above the stage is approximated to be a 
270x300x200mm cuboid, and the space under stage is too small for any addition 
components. Besides, the objectives under the stage should have enough room to move 
freely. Second, in order to perform experiments on live cells, the material of the device 
that has contact with cells and cell culture medium should be biocompatible and able to 
be cleaned and sterilized. Third, as the device will be used frequently, the material should 
be abrasion-resistant and corrosion-resistant.  
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2.4 Flow Analysis in Cone-and-Plate System 
2.4.1 Steady Flow Analysis in Cone-and-Plate System 
An analytic description of the flow in a cone-and-plate flow chamber was 
developed by performing an asymptotic expansion of the Navier-Stokes equations to 
estimate the shear stress and required torque on the plate surface (Sdougos, Bussolari and 
Dewey, 1984). This analysis focused on steady flow behaviors and neglected the edge 
effects. The fluid shear stress, τ, generated by a relatively moving surface (Figure 4A) 
can be computed by Equation 3, which is also elaborated for a cone-and-plate system 
(Figure 4B). In an ideal condition, when the cone angle, α, is small enough (<5 degree) to 
approximate tan(α) as α, and the gap height, δ, is negligible, the flow behaves in primary 
flow, i.e. the flow streamlines are concentric circles. In this case, the shear stress only 
depends on the dynamic viscosity of the fluid (µ), the angular velocity (ω) and the angle 
of the cone (α) (Equation 4). 𝜏 = 𝜇 !!!(!)!!(!) = 𝜇 !(!")!(!∙!"# ! !!) (3) 𝜏 = 𝜇 !!  (𝑤ℎ𝑒𝑛 𝛼 < 5°,𝑎𝑛𝑑 𝛿 𝑖𝑠 𝑛𝑒𝑔𝑖𝑙𝑖𝑔𝑖𝑏𝑙𝑒) (4) 
 
 
 
 
Figure 4. Schematic diagram of fluid shear stress (A) and geometric parameters in 
a cone-and-plate flow chamber (B). 
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As the angular velocity and the cone angle increase, the velocity of the fluid near 
the cone surface contains a radial component towards the peripheral wall due to the 
centrifugal force. Once the flow bounces back off the peripheral wall, an inward flow 
towards the center is formed near the flat plate surface. The flow in the radial direction 
due to centrifugal force is termed secondary flow (Figure 5). If the rotating speed and the 
cone angle become even larger, turbulent flow forms, indicating a complicated flow 
scenario and unpredictable shear stress. A modified Reynolds number, 𝑅, was found to be 
the single parameter to predict and describe the flow behavior in the cone-and-plate 
system: 𝑅 = !!!!!!"! = !!!!!!!"!    (5) 
where ν is the fluid kinematic viscosity, and ρ is the fluid density. The Reynolds number 
represents the ratio of the centrifugal force to the viscous force at any radius from the 
center of the cone. When 𝑅 is close to zero, the centrifugal force is negligible and the 
viscous force dominates. Therefore the flow exhibits primary flow and the shear stress 
can be estimated by Equation 4. As the Reynolds number increases, so does the relative 
centrifugal force and therefore secondary flow influence the resulting velocity to 
orientate the center of the plate. For 𝑅 ≲ 1, the angle between the resulting velocity and 
the azimuthal velocity, ϕ, can be estimated by Equation 6, which has been verified via 
flow visualization experiment. Even through, Equation 6 is more accurate when 𝑅 ≲ 0.5. 
Then the azimuthal shear stress, i.e. the circumferential component, can be estimated by 
Equation 7, and the total shear stress on the flat plane can then be calculated by equation 
8. Turbulent flow occurs when the value of 𝑅 is greater than 4 (Sdougos, Bussolari and 
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Dewey, 1984). To consider the influence of the gap height in the cone-and-plate system, 
Equation 9 was modified from Equation 7, in order to estimate the azimuthal shear stress 
more accurately with gap height. 𝜙 = tan!![−0.8𝑅 + 𝑂(𝑅!)] (6) 𝜏!" = !"! (1− 0.4743𝑅! +⋯ ) (7) 𝜏 = !!"!"#$ (8) 𝜏!" = !"#!"!! (1− 0.4743𝑅! +⋯ ) (9) 
 
 
 
 
Figure 5. Characteristics of secondary flow in cone-and-plate system. (A) Fluid 
streamline in radial direction. (B) The azimuthal (vθ) and radial (vr) velocity 
components of secondary flow on the plate surface. 
 
 
 
 
2.4.2 Dynamic Flow Analysis in Cone-and-Plate System 
The dynamic flow behavior according to different onset time was analyzed via 
computational fluid dynamics related software (Blackman, Barbee and Thibault, 2000). 
The analyzed fluid behavior profiles contain a linear ramp for shear stress increase and 
shear stress hold at 30 dyne/cm2 (Figure 6). The shear stress accelerating time from zero 
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to 30 dyne/cm2, i.e. the onset time, were 10ms (Figure 6A, B) and 100ms (Figure 6C, D). 
Figure 6B and 6D show the transient spatial development of shear stress across the radial 
surface of the plate for discrete time points given the input functions in A and C, 
respectively. In the 100ms ramp profile (Figure 6C), no time delay was observed, in 
which the actual fluid shear stress followed the programmed shear stress immediately, 
and the produced shear stress was uniform all over the plate at any time point, i.e. there 
was negligible difference in time delay as the radius increases. In the shorter ramp time 
case with 10ms onset time, a 3ms time delay occurred at about half position of the total 
radius of the plate (r/2) (Figure 6A); And near the edge of the plate, a similar but larger 
lag (~13ms) was induced (Figure 6B). Despite the 3ms lag time at half radius area, the 
increase rate (the slope) of the shear stress stayed almost the same, which means that the 
changes of shear stress during startup period remained the same. As mentioned above, the 
onset rate of shear stress is the key that causes cellular transient signaling responses to 
fluid shear stress. So as long as the increase rate of the shear stress keeps the same, and 
there is enough time for fluid to reach the target shear stress, the time lag caused by fluid 
inertia is acceptable. Another very important point from the onset lag observations is that, 
when programming shear stress impulses with fast onset rate, a short period of shear 
stress holding was necessary to ensure that the fluid flow reaches the desired maximum 
shear stress before decelerating the cone rotation.  
 
 
 
	 16	
 
Figure 6. Computational fluid dynamic solutions for the cone-and-plate onset 
problem of shear stress profiles with 10ms and 100ms onset time.  
Source: Figures from Blackman, Barbee and Thibault, 2000. 
 
 
 
 
2.4.3 Edge Effect Analysis in Cone-and-Plate System 
The edge effect in the situations of steady laminar flow in cone-and-plate system 
was analyzed mathematically and the flow velocity was graphed with different Reynolds 
number (Azerad and Bansch, 2000). In Figure 7, A and C represent the level lines of 
azimuthal velocity; while B and D represent the directions and values of the radial 
velocity. A corrector was constructed to represent the difference between the actual shear 
stresses with edge effects considered and the theoretical shear stresses in primary flow 
without considering the edge. The corrector was found to be linear with the Reynolds 
number, and as long as the Reynolds number (computed by Equation 5) is smaller than 
12.5, the edge effects can be neglected. Therefore, for the Reynolds number used in the 
improved design, 𝑅 ≲ 1, the edge effects can be ignored. In addition, the graphs of fluid 
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velocity in the radial component confirmed the formation of secondary flow with 
increased Reynolds number. 
 
 
 
 
Figure 7. Fluid azimuthal and radial velocities in the cone-and-plate system (with 
5.7degree cone angle), when the Reynolds number is 0.08 (A and B), and 4.14 (C 
and D).  
Source: Graphs from Azerad and Bansch, 2000. 
 
 
 
 
2.5 Parameters in the Improved Cell-Shearing Device 
Similar with the CCSD, the improved design also uses 25mm diameter glass 
coverslip for cell culture and the coverslip will be mounted on the plate for real-time 
observation of a single cell. Before designing the structures of the improved device, there 
are several parameters need to be decided including the cone angle, the diameter of the 
plate, the position of the coverslip (the distance between the center of the coverslip and 
the center of the plate), the gap height, and the required motor torque. 
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Given with Criteria 1, the maximum theoretical shear stress should be about 100 
dyne/cm2. In addition, the Reynolds number should be smaller than 1 and the plate radius 
should be larger than 30mm considering the size of the coverslip locating away from the 
center of the plate. By using Equation 4 and 5, the cone angle should be smaller than 0.52 
degree, with the fluid density to be 103kg/m3, the angular velocity to be 110rad/s 
(1050rpm), the radius to be 30mm, and the viscosity of cell culture medium is 0.78*10-
3Ns/m2. Therefore, the cone angle was decided to be 0.5 degree considering 
manufacturing tolerance. With the maximum angular velocity (110rad/s) computed from 
Equation 4, the local Reynolds number (Equation 5) was then plotted with the changes of 
local radii from 0 to 40mm, as shown in Figure 8. When the Reynolds number is smaller 
than 1, the radius is smaller than about 35mm. To leave some space close to the 
peripheral wall, the plate diameter was decided to be a little larger than 70mm. For easier 
fabrication procedure, the plate diameter was eventually decided to be 3.1 inch 
(78.74mm).  
 
 
 
 
Figure 8. Changes of Reynolds number (𝑅) with radius (r). 
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To decide the coverslip position and the gap height, the theoretical and simulated 
shear stress at different gap heights as the local radius increasing from zero to 40mm was 
plotted in Figure 9. Same values of parameters were used as those in earlier calculations. 
The dashed horizontal line represents the theoretical shear stress in pure primary flow, by 
using Equation 4. The colorful curved lines represent simulated shear stresses at different 
gap heights by using Equation 5, 6, 8, and 9. The gap heights used in calculation were 
0.005mm, 0.01mm, 0.025mm, 0.05mm, and 0.1mm. Comparing with the theoretical 
shear stress, on one hand, the simulated shear stress decreases dramatically to zero when 
the radius is close to zero, because of the presence of the gap height. And with larger 
values of gap heights, the influence becomes more obvious. On the other hand, the 
simulated shear stress gets smaller with large radius (esp. r>30mm), caused by the 
presence of secondary flow, which decreases the shear stress on the plate surface. Via 
observations of Figure 9, as well as further computations of the simulated shear stresses, 
it was found that the shear stress has accepted uniformity (Criteria 2), when the gap 
height was smaller than 0.01mm and within a range of radius between 5mm and 30mm. 
Therefore, the position of the coverslip was decided to be 0.7 inch (17.8mm) away from 
the plate center and the gap height to be smaller than 0.01mm. 
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Figure 9. Changes of shear stress (τ) on the plate surface with radius (r) and 
different gap heights (0.005mm, 0.01mm, 0.025mm, 0.05mm, and 0.1mm).  
 
 
 
 
As the cone is directly connected to the motor shaft (described in Chapter 4), the 
required motor torque only depends on the moment of inertia of the cone, I, and the 
maximum angular acceleration, 𝜶 (Equation 10). Once the dimensions of the cone had 
been decided, the moment of inertia was estimated via SOLIDWORKS 2014 to be    
5*10-5kg*m2. In the condition of the considered maximum angular velocity, 110 rad/s 
(1050rpm), with 20ms onset time. The required minimum motor torque was 0.3Nm at 
1050rpm.  𝑀𝑜𝑡𝑜𝑟 𝑇𝑜𝑟𝑞𝑢𝑒: 𝝉 = 𝐼𝜶 = 𝐼 !"!"   (10) 
To perform shear stress impulse on cells, in which angular displacements need to 
be finely controlled, microstepper motor meets the requirements better than other types of 
motors, such as DC motor. Because even though DC motor generates high torque force 
and high speed, it has very low control on rotating positions. However regular 
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microstepper motor can only generate small torques and rotating speeds with fine control 
on rotating positions. In addition, a design constraint applying to the selection of motor, 
in terms of the motor size, was the limiting space on the stage of the microscope. 
The solution was a plug & drive microstepper motor, PD4-C5918L4204-E-01, 
from Nanotec Electronic GmbH & Co. KG. This motor features precise positioning 
control, does not exhibit step losses, and behave like a DC motor, with a relatively higher 
torque/speed than common stepper motors. Moreover, both the motor controller and the 
encoder are built in, and cabling is limited to the communication I/O board and power 
supply. The motor behaviors can be programmed by free C++ based software, 
NanoJEasy 2.0, that can be downloaded from the company’s website 
(http://us.nanotec.com). The motor can be connected with any computer by USB cable, 
and the built-in controller behaves like a removable storage medium, i.e. USB flash drive. 
The built-in encoder can read the actual velocity and the actual position from the motor. 
But since the USB port only serves for configuration rather than communication, the read 
data cannot be stored or exported for later use. However, the program can be set to have 
different output (e.g. continuing with the program or stop immediately) depending on if 
the target speed (or acceleration) is reached or not. Because the user program receives 
computing time in a 1ms cycle, it is sufficient to test/read the behavior of the motor and 
give different instructions dependently. 
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CHAPTER 3. DESIGN SOLUTION 
3.1 Description of the Improved Cell-Shearing Device 
The design solution was to improve the existing controlled cell shearing device 
(CCSD), to contain the ease of use when performing fluid shear stress on single-layer 
cells, to have simpler assembly configuration for easier calibration procedures and 
simultaneously to keep all features possessed by the CCSD, such as the ability to impose 
controllable, quantifiable and reproducible mechanical shear stress on in vitro cells, and 
to work with fluorescent microscope for real-time monitoring of cells. The improved 
design is also based on the cone-and-plate system, in which a rotating cone above a 
stationary plate generates fluid shear stress on the plate surface. The components of the 
improved cell-shearing device are shown in Figure 10, a 3D schematic assembly of the 
design. The upper part of the device contains the motor, 4 bearings, a motor table, a cone 
directly connected to the motor shaft, 2 table supports and 2 wing nuts. The bottom part 
of the device contains a base table, a well, a gasket, a metal plate, 25mm round coverslip, 
a well top and 4 springs sitting on the 4 shafts of the base table. The bearings in the upper 
part moves along the shafts of the base table to ensure smooth movement of the cone in 
z-direction and simultaneously to keep the parallelism between the motor table and base 
table. Figure 11 shows the image of the improved device, in which the upper and lower 
parts are aligned by shaft-bearing configuration and their relative position is fixed by the 
two wing nuts on each side. 
 
 
 
 
	 23	
 
Figure 10. 3D schematic diagrams of the components and assembly of the 
improved cell-shearing device: (A) The upper part of the device; and (B) The 
bottom part of the device.  
 
 
 
 
 
 
 
 
Figure 11. The digital image of the improved cell-shearing device.  
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 One of the features of the improved design is its concise structure and assembly, 
including the direct connection between the motor and the cone, the shaft-bearing 
configuration for the alignment accuracy of the cone-and-plate system, the four screw-nut 
sets to parallel the motor table and the base table, and the gluing method to hold the 
coverslip onto the plate. First, the cone was directly attached to the motor shaft by a 
setscrew, which also allows the movement of the cone in z-direction to adjust the relative 
position between the cone and motor. Second, the accuracy of the alignment between the 
cone axis and the center of the plate were ensured by the shaft-bearing configuration, 
which contains 4 pairs of shaft and bearings. There are two factors to consider in terms of 
the alignment accuracy: a). The concentricity between the cone and the plate, to mainly 
avoid any contact between the edge of the cone and the outer wall of the plate; and b). 
The perpendicularity between the cone axis and the plate surface, to ensure the centric 
symmetry of the system. The use of bearings allows the motor table to move up and 
down smoothly and simultaneously keeps the parallelism between the motor table and the 
base table. Also, the springs on the shafts are able to support the weight of the whole 
upper part, and can be compressed when lowering the upper part of the device. Third, 
there are four screw-nut sets on the four corners of the motor table to adjust the distance 
between the motor table and the base table. By calibrating the heights of these four 
screws extending from the motor table and against the surface of the base table, the gap 
distance between the two tables were set to ensure that they are highly parallel with each 
other. And finally, adhesive LocTite 4081(from Henkel Adhesive Technologies) is used 
to glue the 25mm diameter coverslip to the metal plate for holding the coverslip in place 
during experiments. The glue is ISO-10993 certified, colorless, and cured by humidity. 
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On the surface of the plate, where to position the coverslip, a circular window was cutoff 
for real-time monitoring and a recess in the plate with the depth of the coverslip was kept 
for holding the coverslip.   
 Some other features of the improved device include the polished surfaces of the 
cone and the plate, the replaceable well and cone, the powerful programmable 
microstepper motor, the ability to perform real-time monitoring by fluorescent 
microscope, and the general symmetric structure of the device as a whole. The well unit, 
including the well, the gasket, the metal plate, the coverslip and the well top, is mounted 
to the base table via screws. Therefore, the well unit can be replaced easily with different 
configurations and sizes, as long as the new well unit has the same dimensions of the 
holes for the screwing configuration.  
3.2 Calibration and Operation Procedures 
The calibration procedures now only need two steps: (1). To parallel the motor 
table to the base table by the 4-screw set. The motor table should be lowered until it 
cannot go any further when the screws touches the base table. And the heights of the 
screw-nut sets were adjusted to make the motor table parallel to the base table by using 
standard blocks. (2). To calibrate the relative position between the cone and the motor 
(Figure 12). The cone is directly connected to the motor shaft by a setscrew, and the cone 
is able to move along the motor shaft when the setscrew is loose. A stainless steel shim 
with standard thickness of 0.0005 inch (0.0127mm) is used for setting the gap height. The 
shim is place in the center of the plate, and the upper part of the dive is lowered gently 
until the four screw-nut sets are against the base table surface. The two wing nuts were 
then used to fix the relative position between the two tables. During the lowering process, 
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the cone apex should touch the shim, and is brought closer to the motor as the upper part 
is lowered to the base table. Once the upper part is at its lowest position, the setscrew is 
tightened to fix the relative position between the cone and the motor. In step (2), the gap 
height can be changed by using shims with different thicknesses, which could influence 
the estimation of the shear stress over the plate (Chapter 3).  
 
 
 
 
 
Figure 12. Schematic diagram of the device in the second step of calibration.  
 
 
 
 
Once calibrated, the operation procedures for performing shear stress on cells 
cultured on 25mm diameter coverslips contain the following steps: (1). Glue the coverslip 
onto the metal plate by LocTite 4081 before shearing; (2). Place the metal plate on top of 
the gasket and screw the well top onto the well to stabilize the whole well unit; (3). Add 
about 1.5ml cell culture medium to cover the coverslip; (4). Place the upper part gently 
on the top of the bottom part and lower the upper part by the wing nuts until its lowest 
position; (5). Start the motor and generate shear stress on the cells; (6). When the motor 
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stops, loosen the wing nuts and take off the upper part; (7). Unscrew the well top and 
replace the metal plate for the next shearing performance.  
3.3 Alternative Solutions 
Several alternative solutions were considered and compared before deciding the 
final solution described above. The alternative solutions were designed with respect to 
the accuracy of the alignments, the flatness of the plate surface, and the fine control to 
lower the cone slowly into the fluid. Figure 13 shows some typical examples of the 
alternative solutions. Figure 13A and 13B are alternatives in terms of ensuring the 
accuracy of the alignment between the cone and the plate. Both structures require careful 
operating skills to lower the motor table slowly and in control while keeping it parallel to 
the base table. Comparing to the final solution, these two designs are too unstable and 
require complicated procedures of adjustments. Figure 13C is an alternative for mounting 
the coverslip to the plate or well unit and keeping the plate surface flat to avoid disturbed 
flow. The coverslip is glued onto a disposable holder, which has fine thread and could be 
screwed into the plate. The relative height of the coverslip can be adjusted by screwing 
on or off the holder until the surface of the coverslip level the surface of the plate. 
However, this design can have couple issues, including difficulties molding the special 
shaped disposable coverslip holder precisely and preventing leakage. The final solution 
uses adhesive to glue the coverslip directly on the plate. The coverslip is pressed down to 
against the recess in the plate to level the plate surface, and simultaneously the glue is 
able to seal the gap. Last, Figure 13D shows the alternative with regard to the fine control 
to lower the cone slowly and gently, in which the motor is mounted to the round disk that 
can screw onto the motor table. By rotating the motor mounting disk, the height of the 
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motor can be finely controlled by the fine threads on the surfaces connection the 
mounting disk and the motor table. However, considering that there will be wires 
connecting the motor, and the motor will be running with inevitably tiny vibrating, it 
would be difficult to stabilize the motor position on the motor table. Thereafter, after 
carful comparison and considerations of the criteria, the improved design, as described in 
the earlier section, was a better solution for the design objectives.  
 
 
 
 
Figure 13. Alternative solutions with respects to the accuracy of the alignments 
(A and B) the flatness of the plate surface (C), and the fine control to lower the 
cone slowly into the fluid (D). 
 
 
 
  
	 29	
CHAPTER 4. MEASUREMENTS AND VERIFICATION 
4.1 Measurements of Cone Dimensions 
The fluid behavior in a cone-and-plate flow chamber can be predicted by the 
single parameter, the Reynolds number. When the Reynolds number is close to zero, only 
primary flow exists and the streamlines are concentric circles. As the Reynolds number 
increases, the secondary flow occurs due to centrifugal force. The fluid velocity on the 
plate, therefore, orient to the center of the plate. When the Reynolds number is smaller 
than about 1, the shear stress can be estimated by Equations 5, 6, 8, and 9. As it is 
unlikely to measure the actual shear stress on the plate, the shear stress will always be 
estimated via related equations. Therefore, it is crucial to have accurate structures of the 
device in order to apply the equations to estimate created shear stress on the coverslip 
area.  
A standard height micrometer was used to verify the dimensions of the cone. The 
upper part was placed upside down on a flat surface, and the drop of the height from the 
cone apex to the edge of the cone was measured to be 0.0125 inch. Comparing to its 
theoretical value of 0.013inch, the cone angle precise enough for shear stress estimations. 
In addition, to test the centric symmetry, the tip of the height micrometer was placed 
against the conical surface close to the edge of the cone while the cone was spinning. The 
readings from the micrometer ranges within 0.001 inch. Last, the upper part of the device 
was placed on its side on a flat surface, and the tip of the micrometer was place against 
the side wall of the cone while the cone is spinning. The readings from the micrometer 
change within 0.001 inch. In conclusion of the dimension verification, the cone has an 
accurate 0.5-degree angle, and the cone is aligned precisely with the motor shaft to offer 
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stable and constant rotation over the stationary plate. Hence, the equations described in 
Chapter 3 are valid for shear stress estimation.  
4.2 Adhesive Biocompatibility Test on Cells 
As the coverslip is glued onto the metal plate, which will have direct contact with 
cell culture medium during experiments, it is important for the adhesive to be 
biocompatible to avoid potential damages to the cells. To test the biocompatibility of the 
adhesive, endothelial cells were cultured on 25mm diameter glass coverslips and 
maintained at 37°C in 5% CO2 in air. When cells were close to confluence, they were 
divided into the control and experiment groups, with three coverslips each group. For the 
control group, the coverslips were gently put on metal plates without any adhesive; while 
for the experiment group, the coverslips were glued onto metal plates with LocTite 4081. 
Enough cell culture medium was added to cover the cells. Both the control and the 
experiment groups were then incubated at 37°C in 5% CO2 in air for two hours. 
Fluorescent-based Live/Dead stain was used for cellular viability test after two hours of 
incubation. The Live/Dead assay can stain the cytoplasm of viable cells in green while 
the nuclei of unviable cells in red (Figure 14). The numbers of live and dead cells were 
counted for both the control group (without the glue) and the experiment group (with the 
glue), and there was no significant difference between the cell death rates from the two 
groups (p=0.81) (Figure 15). In conclusion of the adhesive biocompatibility test, for 
short-term use (<=2hr), LocTite 4081 can be used to glue the coverslip onto the plate and 
does not cause significant cell death of endothelial cells. 
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Figure 14. Endothelial cells stained with Fluorescent-based Live/Dead stain, 
where viable cytoplasm of viable cells is stained in green and nuclei of dead cells 
are stained in red.  
 
 
 
 
 
 
 
Figure 15. Adhesive biocompatibility test on endothelial cells with two hour 
incubation by comparing the cell death rates (p=0.81). 
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4.3 Motor Programming 
To test the rotation of the motor, the program was written following the strategy: 
once an input button was switched on (meant to start the program), the motor would 
accelerate as settings (e.g. 1050rpm change of velocity in 20ms). Then the program 
waited for certain period of time (e.g. 20ms), and check if the actual velocity, read by the 
built-in encoder, reached the target velocity (1050rpm). If true, the program will continue 
running at the target velocity (or it can be programed to decelerate at a certain rate); if 
false, the motor will perform a quick stop. From visual observation of the motor 
behavior, it was confirmed that the motor runs as programmed and was able to reach the 
desired maximum shear stress (100dyne/cm2) in 20ms, as stated in Criteria 1. In addition, 
the built-in motor controller can be programmed based on C++ with various profiles of 
velocity waveform. And the users only need to change several parameters, such as the 
target velocity, the acceleration and the deceleration, to edit the velocity waveform. 
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CHAPTER 5. DISCUSSION 
The improved cell-shearing device was designed based on analyses and principles 
of flow behaviors in the cone-and-plate flow chamber. It is able to perform high shear 
stress impulse on cells by a programmable microstepper motor, allows the users to 
perform real-time monitoring of a single cell via fluorescent microscope, and can be 
calibrated and operated with simple procedures. The accuracy of the structure and 
dimensions of the cone-and-plate system has been verified for shear stress simulations. 
Compared with the existing controlled cell shearing device (CCSD), the improved device 
has symmetric structure, simpler connection between the cone and the motor shaft, and a 
known gap heights by using a standard shim during calibration.  
The improved cell-shearing device contains several advantages. As mentioned 
earlier, the configuration of motor and cone with a gear belt could cause inaccuracy of 
cone rotation at high angular velocity. In this improved cell-shearing device, the motor is 
positioned above the cone and directly coupled with the cone shaft, which ensures 
accurate and immediate torque transfer from the motor to the cone. Due to this top-
bottom structure, the weight of the cone is reduced considerably and therefore it 
decreases the required motor torque. It is meaningful and important to have a low 
required motor torque as microstepper motors mostly offer small holding torques. 
Calibrations for the motor-belt-cone configuration were complicated, which required 
monitoring on the alignment of the cone in all three dimensions, as well as the relative 
position of the motor and the cone. The improved device can be easily calibrated with 
two steps: parallel the motor table to the base table and set the gap height with standard 
shims. As shown in Figure 9, the gap height influences the shear stress simulation all 
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over the plate. By knowing the gap height, the shear stress can be estimated more 
accurately. The coverslip adhesion configuration ensures the flatness of the plate surface 
to reduce any unpredictable flow. Last, due to the simple assembly mechanism between 
components, esp. the motor-cone coupling and the replaceable well, the device can be 
easily modified with different sizes of the cone-and-plate system. For instance, the metal 
plate can be replaced by an intact solid plate for long-term shearing exposure. And cell 
sample cultured on the plate could be enough for chemical tests. 
There are some shortcomings of the improved cell-shearing device as well. The 
coverslip adhesion approach requires process to glue the coverslip and the plate together 
before shearing and to dissolve the glue after experiments. In addition, the current 
adhesive has been only verified for short-term use with cells according to the 
biocompatibility test with two-hour incubation (Chapter 5). Therefore, better methods are 
needed to simplify the experimenting processes, and to allow the device for long-term use 
with cells. 
In conclusion, the improved cell-shearing device can apply high shear stress 
impulse on in vitro cells, and has accurate structures for shear stress simulations. The 
device meets the criteria of reaching up to 100dyne/cm2 in 20ms, forming uniform 
laminar flow, and the ease of use on simpler calibration procedures and motor 
programming. For future testing, different types of cells (especially endothelial cells and 
neural cells) will be tested with the device by applying shear stress impulses to find the 
optimum shearing settings for desired experiments. In addition, as mentioned earlier, the 
assembly mechanisms of the improved device can be modified easily by replacing the 
well unit or the cone. Therefore, an intact solid plate could be used for cell culture in 
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order to obtain enough samples for chemical measurements and for long-term incubating 
shearing experiments.  
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APPENDIX A. PARAMETERS 
 
 
 
 
Parameters Descriptions Unit(s) Values used in Calculations 
τ Fluid shear stress Pa  - 
µ Fluid viscosity  Ns/m2 0.78 * 10-3 Ns/m2 
Q Flow rate in parallel 
plate flow chamber 
m3/s - 
w The width of the parallel 
plate flow chamber 
m - 
h The height of the 
parallel plate flow 
chamber 
m - 
ω Angular velocity rad/s Maximum value: 110rad/s 
α Cone angle rad or 
degree 
0.5 degree or 0.0087rad 
𝑅 Reynolds number unitless - 
ρ Fluid density kg/m3 1000 kg/m3 
r Radius on the plate from 
the plate center 
m or mm Range: 0~40mm 
ϕ In secondary flow, the 
angle between the 
resulting velocity and 
the azimuthal velocity 
rad - 
δ Gap height m or mm 0.0127mm 
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vθ Azimuthal velocity of 
the flow 
m/s - 
vr Radial velocity of the 
flow 
m/s - 
Torque τ Torque  Nm - 
I Moment of inertia  kg*m2 5*10-5 kg*m2 
α (bold) Angular acceleration  rad/s2 5500 rad/s2 
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APPENDIX B. ASSEMBLY DRAWINGS 
 
 
 
 
Device assembly and well unit assembly drawings via SOLIDWORKS 
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